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We suggest an all-optical scheme for the storage, retrieval and processing of a single-photon
wave packet through its off-resonant Raman interaction with a series of coherent control beams.
These control beams, each with distinct carrier frequency, are distributed along the way of single-
photon propagation, thus effectively forming a gradient absorption structure which can be controlled
in various ways to achieve different single-photon processing functionalities. Such a controllable
frequency comb is a hybrid of Raman, gradient echo memory (GEM) and atomic frequency comb
(AFC) methods, therefore demonstrates many of their advantages all together in one.
PACS numbers: 42.50.Ex, 42.50.Gy, 32.80.Qk
After three decades of endeavor, quantum infor-
mation processing has been developed from vision-
aries’ conceptual idea [1] into a vast diversity of
research subjects, among which quantum memory
draws lots of attention and has undergone a huge
development in the last ten years because of the im-
portant role it plays in quantum computer and long-
distance quantum communication [2, 3], etc. The
major techniques for the storage and retrieval of a
time-bin single-photon wave packet [4] in atomic en-
sembles divide into two groups. The first one applies
an optimized shaped-in-time control field to convert
a single photon into collective spin waves. This
includes electromagnetically induced transparency
(EIT) [5, 6] and off-resonant Raman scheme [7–9],
which requires prior knowledge of the single-photon
waveform for optimization and its arrival time for
signal-control syncretization. The second category
takes advantage of photon-echo mechanism, such as
revival of silenced echo [10], controlled reversible in-
homogeneous broadening [11] and/or gradient echo
memory (GEM) [12–14], atomic frequency comb
(AFC) [15–18], etc. They usually require a use of
pi pulses, the existence of Stark and/or Zeeman ef-
fect, or delicate spectral tailoring on a broad inho-
mogeneous broadening. Nevertheless, these require-
ments of the quantum memory schemes can become
limiting factors for the actuarial implementation in
different light-matter interfaces under various sce-
narios. Here we propose a method combining these
two types of techniques, which overcomes the above
hassles and demonstrates many other interesting ad-
vantages.
Consider a single-photon wave packet of carrier
frequency ωs and duration ∆t passing through a
∗ xiwen@physics.tamu.edu
FIG. 1. Scheme of quantum memory based on control-
lable frequency comb. (a) In a Λ-level structure, the
control field consists of a number of spatially separated
beams each with a different carrier frequency. (b) Illus-
tration of the imaginary part of the susceptibility in dif-
ferent sections of the medium, where the two-photon res-
onance contribution effectively forms a frequency comb
distributed along z direction. (c) Possible implantation
of the controllable frequency comb.
three-level atomic ensemble along the longitudinal
direction zˆ with one-photon detuning ∆ [Fig. 1(a)].
The control field propagates perpendicularly to the
longitudinal direction, with its frequency distributed
across the field, which is called spatial chirp. The
interaction volume consists of M discrete sections
(each with length d and inter distance L0) due to
spatial discontinuity of either atomic ensemble or
control beams [Fig. 1(c)]. Because of the control
field spatial chirp, the single photon meets differ-
ent two-photon resonance conditions at different sec-
tions of the medium [Fig. 1(b)], resulting in a fre-
quency comb in its absorption spectrum. But unlike
AFC, the comb teeth are distributed linearly along
2the way of photon propagation, therefore forming a
gradient frequency comb (GFC).
The signal and control fields are written as [19]
Es (z, t) = ǫs
i
nbg
Esa (z, t) e
i(ksz−ωst) +H.c., (1)
Ec (r, t) = ǫcE0(z)e
i[kc(z)x−ωc(z)t−ϕ0c(z)] + c.c.,
(2)
respectively, in which nbg is the background refrac-
tive index, a (z, t) is the slowly varying amplitude
of the signal field, Es =
√
~ωs
2ε0V
, kc = nbgωc/c,
ks = nωs/c, n is the refractive index taking into
account both background and Raman interaction, c
is the speed of light in vacuum, ϕ0c is a stationary
phase on the control beam. We assume each con-
trol beam has much longer duration compared with
the signal, so that its amplitude E0(z) is treated to
be time invariant. The control field spatial chirp is
characterized by its position-dependent frequency:
ωc(z) − ωc0 = mδωc, where ωc0 = ωc(z = 0),
m = m(z) enumerates the number of control beams,
and δωc is their adjacent frequency spacing.
Let us define the slowly varying part of the spin
wave operator as
S (r, t) ∝ g∗Nσ13e
i(ωs−ωc)tei[kc(z)−ks]·re−iϕ0c , (3)
where σnn′(r, t) =
1
N
∑
j |n〉j 〈n
′| δ(r−rj) is the col-
lective atomic operator, |n〉j is the n
th state of atom
j, N is the atomic density, g =
√
ωs
2~ε0cn
d21Ωc(z)
∆ is
the coupling constant, d21 is the corresponding tran-
sition matrix element, Ωc is the control field Rabi
frequency. In the long-pulse and far-off-resonant
regime, the evolution equations are given by
∂
∂z
a (z, t) = −S(z, t), (4)
∂
∂t
S (z, t) = − [γ31 − iδ(z)]S (z, t) + |g|
2Na (z, t) ,
(5)
where γ31 is the spin wave decoherence rate. We
choose the control field central frequency as ωc0 =
ωs−ω31−|Ωc(z = 0)|
2/∆ (ω31 is the spin transition
frequency), then the two-photon detuning becomes
δ(z) = −
M0∑
m=−M0
mδωc(Θ
m
− −Θ
m
+ )− δAC , (6)
where Θm∓ = Θ(z−mL0±d/2) are the heaviside step
functions, and δAC(z) = [|Ωc(z)|
2 − |Ωc(z = 0)|
2]/∆
is the uncompensated ac-Stark shift due to the spa-
tial inhomogeneity of each control beam. Depending
on these control beam’s intensities and waists, the
variation of δAC within each section of the medium
can become on the same order of, or even larger
than, the input photon bandwidth, in which case the
retrieved signal will be strongly degraded. There-
fore in the following we always assume control beams
with either flat-topped profile or large enough waist,
such that δAC ≈ 0.
FIG. 2. GFC (red line, yellow filled) and SGEM
(blue dashed line) echoes in a cold 87Rb ensem-
ble of density 1011 cm−3 and temperature 100 µK.
The inset shows the involved energy levels, with Λ
scheme consisting of |F = 1, mF = 1〉-|F
′ = 2, mF ′ = 2〉-
|F = 2, mF = 2〉 of rubidium D1 line. The medium is di-
vided into M = 9 sections each of length d = 0.56 mm.
The σ+-polarized signal photon (∆t = 50 ns, width
50 µm) is frequency detuned by −0.7 GHz from the ex-
cited state. The nine pi-polarized control beams of total
power 0.18 W are assigned to a frequency spacing such
that T0 = 400 ns, giving ζ
0
eff = 1.28. In SGEM regime,
Tsw = 130 ns. The shaded area in the inset shows the
major noise channels.
The Raman interaction excites spin waves in the
atomic medium during storage process. Due to
the periodicity of the two-photon resonance condi-
tion, the spin waves recurrently get in-phase after
each T0 = 2pi/δωc. Since the coherence for spin
transitions are usually long-lived, the comb finesse
F = δωc/(2γ31) ≫ 1 is assumed to be always sat-
isfied. In such a case Eqs. (4) and (5) are solved
analytically up to t = T0 as follows [20]:
aout(t) ≈ e
−
pi
4
ζ0
effain(t)−
piζ0eff
2
e−
piζ0
eff
4 e−
pi
F ain(t− T0),
(7)
where ζ0eff = 4|g|
2Nd/δωc is the effective optical
thickness of each section of the medium. We use
efficiency η to describe the ratio of retrieved energy
out of the input, and fidelity F to characterize the
waveform preservation [21]. From Eq. (7), the opti-
mization condition can be obtained as ζ0eff = 4/pi and
3∆t < T0 < M∆t for F ≫ 1. Under this condition,
the forward GFC echo reaches the maximum effi-
ciency 54% (limited by the reabsorption processes),
demonstrating the same action as AFC scheme.
As an example, let us consider the Λ-level struc-
ture depicted in Fig. 2 in cold 87Rb ensemble
with atomic density 1011 cm−3 [14]. In such a
case, a total control power of 0.18 W yields a
|g|2N = 9 × 109 s−1m−1 under a one-photon de-
tuning ∆/(2pi) = −0.7 GHz, which is enough for
storing a signal field of ∆t = 50 ns. The control
beams can be generated, for instance, by passing a
cw laser field through an acousto-optic modulator
and arbitrary wave generator, which permit a band-
width of ∼ 100 MHz. The detuning is chosen on the
one hand to maintain reasonably low noise level [22],
on the other hand to satisfy off-resonant Raman con-
dition [23]. There are ten major noise channels in
this case, which add up to give an operation win-
dow < 1.21 µs in order to keep signal-to-noise ratio
smaller than 1 without filtering. Since six of them
produce noises with polarizations different from the
signal, a simple polarization filter will enlarge this
time window to 3 µs. The spin wave Doppler de-
phasing along the longitudinal frequency gradient
due to atomic motion with Maxwellian velocity dis-
tribution [24] is taken into account by multiplying a
Gaussian factor exp[−t2/(2t2d)] onto the right-hand-
side of Eq. (4), where td = 1/(
√
kBT/maks) is the
dephasing time, kB is the Boltzmann constant, T is
the gas temperature andma is the atomic mass. The
typical temperature of such system is 100 µK, which
gives a dephasing time td = 1 µs and atom-loss time
∼ 78 µs, longer than the storage time T0 = 400 ns.
In general, a transverse atomic motion also leads to
similar dephasing of the spin wave, which will be
neglected for the sake of simplicity.
FIG. 3. Numerical simulation of SGEM first echo effi-
ciency (a1, a2) and fidelity (b) based on Eqs. (4)-(6).
Parameters are M = 9, ∆t = 50 ns, γ31 = 0 rad/s, and
Tsw = 130 ns.
The fact that our frequency comb is implemented
through two-photon resonance by external control
beams gives us additional degrees of freedom for
the manipulation of a single-photon wave packet.
First, a switch of the control beams’ frequencies to
the opposite (with respect to ωc0), at a moment
tsw = tin + Tsw, effectively reverses the stepwise
frequency gradient of the comb, resembling GEM
scheme in a discrete manner, called stepwise gra-
dient echo memory (SGEM) (see Fig. 2). In this
regime, the first echo is formed due to the rephas-
ing, rather than beating, of the spin waves in the
medium, with controllable storage time 2Tsw. Since
the resonance condition is longitudinally distributed
over space, the rephasing process is not strongly lim-
ited by the reabsorption of the echo. Therefore, it
allows an on-demand retrieval of the input photon
in a time-reversed order [Fig. 4 (f, i)] with efficiency
higher than the theoretical limit of the forward GFC
echo (54%), as shown in Fig. 3.
Second, as seen from Eq. (3), an additional phase
modulation of the control beams modifies the col-
lective operator S, shifting and permuting the echo
in time. Without this phase modulation, the emer-
gence time of the echo is determined by the fre-
quency spacing between nearby control beams. If
extra phases are imposed to the control field in such
a way that, between two adjacent beams the addi-
tionally introduced phase difference is ∆φ = δωcτ ,
τ ∈ [0, T0), the phase evolution of the spin waves will
be advanced by a time τ , changing the first echo’s
appearance time to tin+T0−τ . This can be used for
temporal sequencing of a single photon, as shown in
Fig. 4 (a-e).
Third, an increase (decrease) of the control beams’
frequency spacing δωc during retrieval will accord-
ingly reduce (magnify) the rephasing time and com-
press (stretch) the recalled signal [Fig. 4 (j)], which
is important for high bitrate transmission. In ad-
dition to the above mentioned, one can also achieve
many other functionalities, for example: By combin-
ing phase modulation and frequency switching, we
can flip the temporal shape of a specific time bin
[Fig. 4 (i)]. By offsetting the frequency of the write
and/or read control field, one can modulate and shift
the frequency of the retrieved signal, therefore real-
ize a continuously tunable frequency conversion in-
terface of a single photon for the purpose of multi-
plexing, routing, etc. All these manipulations can
be delayed for arbitrary amount of time (allowed by
the spin wave decoherence) via blocking, or turn-
ing off, the control beams [Fig. 4 (h)]. Moreover,
the techniques used in AFC, such as backward re-
trieval [16, 21] (for near-100% efficiency), time-to-
frequency multiplexing, temporal and spectral filter-
ing [18], etc, are as well applicable in our scheme.
The controllable frequency comb we propose is a
hybrid of AFC and GEM in the framework of Raman
configuration. In AFC scheme, the comb bandwidth
is determined by the inhomogeneous broadening and
hyperfine splitting, and the finesse is limited by
4FIG. 4. Single-photon processing. The black and
blue solid lines represent input (t < 0 ns) and output
(t > 0 ns) triple-peak single photon intensities, respec-
tively. The filled colors corresponds to single-peak sig-
nals. The brown solid lines show additional phased dif-
ference ∆φ/(2pi) modulation. (a-f) Sequencing signals
with (a-c) circular and (d-f) non-circular permutations,
where in (f) instead of using phase modulation we take
advantage of SGEM regime. (g) Retrieving a triple-peak
photon without the first peak. (h) Storing a photon for
additional 300 ns by blocking the control beams. Since
the control field has a phase evolution during this time,
the recalled signal switches the sequence accordingly.
(i) Retrieving a photon with the second peak reversed
while preserving the original temporal sequence. When
adding additional phase (brown solid line), it is worth
noting that here the frequency switching (indicated by
the short arrows) is assumed to be achieved by swap-
ping the control beams of opposite carrier frequencies,
which inherently causes a phase shift if tsw 6= nT0. (j)
Compressing a photon via increasing the control beam
frequency spacing by three times. Common parameters:
∆t = 50 ns, T0 = 450 ns, M = 9, ζ
0
eff = 4/pi, except
that in (i), M = 31 to catch the sharp-edge feature of
the input photon, and in (j), T0 = 450 ns → 150 ns,
ζ0eff = 6/pi → 2/pi. Parameters for material are the same
as in Fig. 2.
the imperfect optical pumping. The latter strongly
reduces storage efficiency due to the background
absorption, especially in optically dense medium.
The on-demand retrieval is done by transferring the
atomic excitation down to another ground state us-
ing a pi pulse [16, 17], which can be problematic
when the exact pulse area is difficult to prepare.
Since the absorption structure can not be much ma-
nipulated after being created, the signal processing
has to be achieved by passing a frequency modu-
lated single photon through a multiple AFC made
in advance [18], which consumes the storage band-
width, and may not be feasible in some situations
since it makes a direct manipulation of the fragile
single photon. In our case, the bandwidth and fi-
nesse are determined by the external controllability
of the spatial chirp, the on-demand retrieval requires
neither pi pulses nor a third ground state for spec-
trum tailoring, and pulse sequencing does not have
the above problems. In GEM scheme, the material
has to demonstrate Zeeman or Stark effect for the
creation of the frequency gradient, while our scheme
is all-optical and can be implemented in a system
possessing neither of these effects, or placed in an
external fields for other purposes. In comparison
with Raman scheme, we do not require prior knowl-
edge of the single-photon waveform in order to have
it stored. So far AFC has been only implemented in
rare-earth-doped crystals under cryogenic tempera-
ture. The above features of our scheme may allow
the realization of AFC-like quantum memory in a
variety of materials, such as atomic gases [14] and
color centers [22], or even room-temperature molec-
ular ensembles [8, 9].
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